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Abstract Magnetic reconnection is a fundamental plasma physics process of breaking 
ideal-MHD's frozen-in constraints and of dramatic rearranging of the magnetic field 
topology, which often leads to a violent release of the free magnetic energy. Most of the 
magnetic reconnection research done to date has been motivated by the applications to 
systems such as the solar corona, the Earth magnetosphere, and magnetic confinement 
devices for thermonuclear fusion. These environments have relatively low energy densi- 
ties and the plasma is adequately described as a mixture of equal numbers of electrons 
and ions and where the dissipated magnetic energy always stays with the plasma. In 
contrast, in this paper I would like to introduce a different, new direction of research 
— reconnection in high energy density radiative plasmas, in which photons play as 
important a role as electrons and ions; in particular, in which radiation pressure and 
radiative cooling become dominant factors in the pressure and energy balance. This 
research is motivated in part by rapid theoretical and experimental advances in High 
Energy Density Physics, and in part by several important problems in modern high- 
energy astrophysics. I first discuss some astrophysical examples of high-energy-density 
reconnection and then identify the key physical processes that distinguish them from 
traditional reconnection. Among the most important of these processes are: special- 
relativistic effects; radiative effects (radiative cooling, radiation pressure, and radiative 
resistivity); and, at the most extreme end — QED effects, including pair creation. The 
most notable among the astrophysical applications are situations involving magnetar- 
strength fields (10 14 — 10 15 G, exceeding the quantum critical field £* ~ 4 x 10 13 G). 
The most important examples are giant flares in soft gamma repeaters (SGRs) and 
magnetic models of the central engines and relativistic jets of Gamma Ray Bursts 
(GRBs). The magnetic energy density in these environments is so high that, when it 
is suddenly released, the plasma is heated to ultra-relativistic temperatures. As a re- 
sult, electron-positron pairs are created in copious quantities, dressing the reconnection 
layer in an opticaly thick pair coat, thereby trapping the photons. The plasma pressure 
inside the layer is then dominated by the combined radiation and pair pressure. At the 
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same time, the timescale for radiation diffusion across the layer may, under some con- 
ditions, still be shorter than the global (along the layer) Alfven transit time, and hence 
radiative cooling starts to dominate the thermodynamics of the problem. The recon- 
nection problem then becomes essentially a radiative transfer problem. In addition, the 
high pair density makes the reconnection layer highly collisional, independent of the 
upstream plasma density, and hence radiative resistive MHD applies. The presence of 
all these processes calls for a substantial revision of our traditional physical picture 
of reconnection when applied to these environments and thus opens a new frontier in 
reconnection research. 

Keywords magnetic reconnection • magnetars • radiative processes • SGR Flares ■ 
Gamma-ray bursts 
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1 Introduction 



Magnetic reconnection is an important fundamental plasma process involving a rapid 
change of magnetic topology and often leading to a violent release of magnetic en- 
ergy. It is widely regarded as one of the most important and ubiquitous phenomena in 
plasma physics, with numerous applications in laboratory p l asma physics, space and 



plasma pnysics, with numerous applications m laboratory plasma pnysics, space ana 
solar physics, and astrophysics ( Zweibel and Yamadal 120091 : lYamada et aLlboid ). In 



particular, reconnection is believed to be the underlying mechanism for many of the 
most spectacular and energetic phenomena in various natural and unnatural plasma 
environments throughout the solar system. The most prominent examples include 
the solar corona (solar flares), the Earth magnetosphere (magnetic sub-storms and 
flux-transfer events), and laboratory magnetic fusion devices, such as tokamaks (saw- 
tooth crashes). Furthermore, magnetic rec onnection has now become a subject of ded- 
icated laboratory plasma experiments (see I Zweibel and Yamadal ( 20091 ) ; IVamada et al.l 
(|2010h fo r recent reviews) and in-situ spacecraft observations in the E arth magne- 
tosph ere ( 0ieroset et al.l l200ll : iMozer et al.l 120021 ) and in the solar wind ( Phan et al.l 
20061 ). 

Because of its importance, reconnection has been the subject of many 1 theoreti- 
cal and computational studies, especially in the last two decades. These studies have 
resulted in a great progress in our understanding of reconnection, in both collisional 
and collisionless regimes, including the elucidation of the nature of collisionless re- 
connection, the condition for the transition from the slow resistive regime to the fast 
collisionless regime, the understanding of the role of the secondary tearing instability 
and of turbulence, and other topics. 

It is worth noting, however, that most of the reconnection research has so far been 
driven by our desire to understand magnetic dissipation in the above space, solar, and 
laboratory plasmas. Importantly, these environments are rather tenuous and hence 
are adequately described by traditional, low-energy-density plasma physics, i.e., as a 
collection of charged particles (electrons and ions) whose numbers are conserved, and 
no photons. That's why the absolute majority of traditional reconnection research and 
modeling was done for this type of plasmas. 

At the same time, reconnection is now also being increasingly recognized as an 
important physical process in numerous astrop hysical context s beyond the solar sys- 
tem, especially in high-energy astrophysics (~e.g-. IUzc enskyj 2o"o6j). It has been frequently 
invoked in systems such as: stellar X-ray fl ares fe.gJCassak et alboosl): star-disk mag- 
netic interaction in young stellar objects (Ivan B allegooiien Il994l: Irlavashi et al.l 19961: 



Goodson et al.1 19971; iFeigelson and Montmerlelll999l ; IUzdenskv et al.ll2002all2002b:IUzdenskvl 



2004: D'Angelo and Spruitl 20ip| ), in accret ing neutron stars (Alv and Kuiipers 1990l : 
van Ballegooiien 1 19941). and white dwarfs (I Warner and Woudtll2002l): accretion disk 



coronae iGaleev* et al.l l97£ : Haard^mc"LMar^^^ 199ll:lTout and Pringlell 19961: IRomanova et al.l 



1998l:lDi Matteo et al.1 199£ : Liu et al.l2003l:ISchopper et al.lll998l:IUzdenskv and Goodman! 



200S : lGoodman and Uzdenskylboo'snT interstellar medium and star formation ([ Zweibej 
198S: iLesch and Reichl Il992l: Brandenburg and Zweibell Il995l : | Lazarian and Vishniad 



1999: Hcit sch and Zweibe 1II2OO3I): pulsar mag n etospheres and pulsar winds (ICoronit 



lyyy; licitsch and Awcibcl zUUj); pulsar magnetospheres 
199C : [Michel 1994 : iLvu barskv and Kir kll200ll: iLvubarskvl 



20031: iKirk and Skiaaraascn 



2003: IContopoulod l2007l : lAronsI 120071 : IPetri and Lvubarskvl l2007l: ISpitkovskvl I200L 
Lvutikovboiol)! black- hole jets (including AGN/Blazars) IRomanova and Lovelace! 19921 : 



Larrabee et al.l2003l:lLvutikovl2003"bl : |jaroschek et al.ll2004al : lGiannios et al.l2009l , T2010l ; 
Nal^waiko^tall l20ld ): magnetar flares, especially giant flares in Soft-Gamma Re- 
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peaters fSGRsl jThompson and Duncanll 19951 . l200ll : lLvutikovll2003al. l2006al; lUzdenskvl 

20081 : iMasada et alfeoioh: and Gamma-Ray Bursts (GRBs)^ [sprui|retan200lllLvu tikov and BlackmarJ 
2001 ;lLyjrtikov_an^^]andford|l200^ Drerikhalrri ii an^ i S£nii^|2002 ; GJ^nmosanjl^xoit 
2005i2006l.l2007l;lRees and Meszarosfl2005l;IUzdenskv and MacFadverj200d;lMcKinnev and Uzdenskvl 



2010) 



Not surprisingly, when attacking these challenging problems, astrophysicists are 
naturally tempted to take advantage of the knowledge and physical insights obtained 
from the traditional, solar-system reconnection studies (including laboratory experi- 
ments) and apply them in the above astrophysical contexts. However, it is important 
to appreciate that the Universe is a very big and diverse place. I would like to em- 
phasize that the range of possible physical conditions found in various astrophysical 
environments is very broad and far exceeds that encountered within our solar system. 
In particular, there are some astrophysical phenomena, especially in high-energy astro- 
physics, where, on the one hand, reconnection has been hypothesized to play an im- 
portant role, and, on the other hand, where the physical parameter regimes and hence 
the underlying microscopic physics are vastly different from traditional reconnection 
(e.g., those in solar flares, Earths magnetosphere, and laboratory plasmas). Therefore, 
a straightforward extrapolation of conventional reconnection scalings to some of these 
"extreme" systems is not justified. The necessity to understand how such systems work 
then requires us to develop new theories of magnetic reconnection taking into account 
physical processes that are not usually included in conventional reconnection studies. 

Some of the most important among these additional physical processes in high- 
energy astrophysical reconnection are those related to the large strength of the magnetic 
fields and hence to the overall high level of energy density in these systems. Among 
these additional "exotic" high-energy-density (HED) physical effects in high-energy 
astrophysics, are: (1) special relativity; (2) radiation; (3) pair creation. Note that these 
effects may be considered "exotic" from the point of view of a traditional reconnection 
researcher with a background in laboratory plasma physics or space physics, but they 
are not at all alien to a typical high-energy astrophysicist. Let me briefly discuss these 
effects here. 

(1) Relativistic reconnection: In some magnetically-dominated environments 
with low ambient plasma density, e.g., in pulsar magnetospheres and in jets of Ac- 
tive Galactic Nuclei (AGN), one often has to deal with relativistic reconnection. In 
particular, special-relativistic effects are important when the reconnecting (upstream) 
magnetic field Bo is so strong and the plasma is so tenuous that the magnetic energy 
density exceeds not only the pressure, but also the rest-mass energy density p$c 2 of 
the upstream plasma. The condition for this is usually cast in terms of the so-called 
cr-parameter, a = Bq/Akpqc 2 3> 1. Then, the corresponding Alfven speed, Va 



cBq I Anpc 2 + B 2 , and hence the reconnection outflow velocity, approach the speed 
of light, and one needs to understand the role of various special-relativistic effects, e.g., 
Lorentz contraction and time dilation |Blackman and Field! 1994 : Lvutikov and Uzdenskvl 



l2003l : lLvubarskvl2005l : IWatanabe and Yokovamal2006l : lMcKinnev and Uzdenskvl2010l ') 

In particular, the early efforts to build special-r elativistic resistive-MHD gen eralizations 
of the Sweet-Parker and Pet schek models by Blackman and Field! ( 1994h and of the 
Sweet-Parker mod el only by Lvutikov and Uzd*ensk*^ ~( 20031 ) were eventually followed 
by the analysis by iLvubarskv l|2005h . He showed that in the Sweet-Parker case the 
reconnection process is slow and the reconnection inflow velocity is sub-relativistic 
while the reconnection outflow velocity is only mildly relativistic, due to the large in- 
ertia of the relativistically hot plasma. In contrast, in the Petchek case it was found 
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that the strong plasma compression across the relativistic shock may lead to an ultra- 
relativistic outflow. However, as is always the case with the Petschek model, the actual 
reconnection rate could not be calculated straight-forwardly from first principles and 
essentially had to be assumed; only the maximum Petschek reconnection rate could 
be estimated and found to be essentially the same as its non-relativistic counterpart, 
^in,max — 7r/41nS, where 5* = Lc/r] is the relativistic Lundquist number. After these 
analytical papers, most of the subsequent work on resistive relativistic reconnection was 
numerical and concentrated on Petschek's reconnection, which was achieved, by sim- 
ilarity with non-relativistic stu dies, by employing an ad hoc pr e scription for spatiall y 
localized anomalous resistivity i Watanabe and Yokovamall2006l : IZenitani et al.ll2009T ). 
These studies have largely confirmed the main aspects of Lyubarsky's analytical the- 
ory of relativistic Petschek's reconnection, in particular, regarding the ultra-relativistic 
outflow velocity. 

Relativistic reconnection is especially relevant to astrophysical pair plasmas, with 
one of the most important and cleanest examples being radio-pulsar magnetospheres 
and pulsar winds. Due to a pulsar's rapid rotation, its magnetosphere inevitably opens 
up and develops a large-scale equatorial current sheet beyond the light cylinder (similar 
to the equatorial current sheet in the solar wind). Reconnection in this current sheet 
may be an important factor in controlling the magne tosphere structure and hence the 
pulsar braking index ( Aronsl [20071 ; IContopouloslbOO'it ) and for producing the observed 
pulsed hi gh-energy (x-ray a nd 7-ra y ) emi ss ion and perhaps e v en the coherent radio 
emissi on iLvubarskiil [|l996h : lAronsl (|2007h : ISpitkovskvl (120081 ): lUmizaki and Shibatal 
(2010). At larger distances, in the pulsar wind region well beyond the light cylinder, 
magnetic reconnection has been invoked to resolve the famous sigma problem — the 
expected very efficient conversion of magnetic energy t o particle energy (|Coronitilll99o1 ; 
ILvubarskv and KirklEoOll ; iKirk and Skiaeraaseijl20o3 l. 

In addition, relativistic reconnection in pair plasmas is conjectured to be responsible 

for powering spectacular giant magnetar flares in Soft-Gamma Repeater s ( Thompson and Duncanl 



tor powering spectacular giant magnetar narcs m b( 
ll995lj200ll ; fLvutikovl200^j2006al : IUzdensk\l200i 



Masada et al 



be im p ortant to relativistic jets of GR Bs Spruit et al 



2001) 



(2001): 



peater s (| 1 nompson am 
] 2010h and it may also 



Lvutikov and Blackmail 



Lvutikov and Blandfordl J2002I'); Drenkh ahn and Spruit 1 2002h : Giannios and Spruitl 



2005, 2006, 200 



(2- 
20 



7r):lMcKinnev and Uzdenskvl (l2010h and AGNs (Lvutikovl2003bl: 



Jaroschck et al. 



2004al : iGiannios et al.ll2009l . 12010 ; iNalewaiko et alJl201C 

Among the key questions in theoretical studies of relativistic reconnection are: 
What factors control the outflow velocity and the reconnection rate in relativistic 
reconnection? Does reconnection fundamentally change its behavior in the relativistic 
regime? How is the released energy partitioned? How efficient is non-thermal particle 
acceleration? Is collisionless pair reconnection fast even though there is no Hall term 
in the corresponding generalized Ohm law? 

Relativistic aspects of extreme astrophysical reconnection are probably the eas- 
iest to understand, as compared to the other two aspects discussed below (radia- 
tion and pair creation). In fact, even though our understanding of relativistic recon- 
nection is still not mature and lags far behind that of non-relativistic reconnection, 
this topic has probably already grown out of its infancy stage and entered its youth 
stage. A significa nt amount of work has already been done both on its fundamen- 
tal physics issues (Black man and Fieldlll994l:lLvutikov and Uz denskvll2003l: ILvubarskv! 

2005 :[jaroscliej^tjlj20 04bl : lHesse and Zenitanill2007l : IZen itani and Hoshino|2008|:|Zenita ni et al.l 
l<olnlssaro^ [2*007 | ) and on astrophysical applicat i ons (ICoro tutlfl9*9TnLvub arskv^n^l<n*^ 



2009 



2001 



Kormssarov 200 1 ) and on astrophysical applications (Ooroniti 1990; Lvubarsky am 
Lvutikov and BlackmanlbOOll : lLvutikovll2003bl ; IGiannios and Spruitlho05l , 120061 ; 
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Giannios et~ai1l2009l . l2O10l ; INalewaik o et al ]|2O10h. In particular there has been a fair 



amount of theoretical (e.g., Coronit 



199d: iLvubarskv and Kirldl20 0l|) and numerical 



Zenitani and Hoshinol d 200lf> : |jai*oschBk~ etaL (2004b); IZenitani and Hoshind 



20071): 'Hesse and Zenitanil (|2007l) ; 'Zenitani and Hoshind (|2008h : 

Liu et al .1 (|20ich work on relativistic reconnection in pair plasmas. Among the most 



Zenitani et al. 



notable i n this area has been a series of Particle-In-C ell (PIC) studies by Hoshino & 
Zenitani (|Zenitani and Hoshinol200ll , l2005l . l2007l , l200Sl '). This work has resulted in some 
important insights regarding a very important issue of nonthermal particle accelera- 
tion. Their findings can be summarized as follows. It was found that the effectiveness of 
nonthermal particle acceleration in relativistic pair reconnection depends strongly on 
the presence of a guide magnetic field. Without a strong guide field, the current sheet is 
violently unstable to the relativistic drift-kink instability that quickly breaks it up and 
broadens it and leads to strong plasma heating but no efficient particle acceleration. 
In contrast, a strong guide field suppresses this instability. As a result, in addition to 
thermal heating, a very effective particle acceleration takes place in this case, leading to 
a substantial power-law tail. Since nonthermal relativistic electrons (and positrons) are 
needed to produce observable power-law synchrotron and very high-energy gamma-ray 
emission, these findings should have important consequences f or interpreting observa - 
tions, in particular, for restricting the magnetic field geometry ( Nalewaiko et allboid ). 

I would like to note, however, that most of the PIC simulations (both 2D and 3D) 
of relativistic reconnection have been done only for pair plasmas. This choice has been 
motivated both by the relevance of pairs to pulsar magnetospheres and winds and 
by the lower computational cost. In contrast, relativistic reconnection in electron-ion 
plasmas has not yet received as much attention and still remains an open fundamental 
problem in modern plasma astrophysics. 

We should realistically expect significant theoretical and computational progress 
in the area or relativistic reconnection in the near future, with relatively modest 
modifications to the existing numerical and analytical models. In fact, most of the 
modern PIC codes used to study non-relativistic collisionless reconnection are intrinsi- 
cally relativistic and hence can be (and are being) applied to relativistic reconnection 
proble ms. In addition, re cent advances in developing relativistic resistive MHD algo- 
rithms 1 Komissarovl 1200*71 ') instill hope that more progress will be made on collisional 
relativistic reconnection. On the other hand, laboratory investigations of relativistic 
reconnection are probably not yet on the horizon; however, perhaps we should start 
thinking about them. 

(2) Radiation: At high energy densities various radiative processes come into 
play. Radiation may affect reconnection profoundly in several fundamental ways, none 
of which has been adequately explored so far. Perhaps the three most important radi- 
ation effects are: (a) prompt radiative cooling (optically thick or optically thin) of the 
reconnection layer; (b) radiation pressure; and (c) radiative resistivity (Compton drag). 

(a) Radiative cooling due to various radiation mechanisms may be important 
in many astrophysical situations, e.g., (1) synchrotron and synchrotron-self-Compton 
in GRB, AGN, and Blazar jets; (2) external inverse-Compton cooling of energetic 
electrons by powerful ambient soft radiation fields in coronae of black holes accreting 
at a large fraction of the Eddington limit, both in galactic X-ray sources and in AGNs; 
(3) radiation diffusion out of an optically-thick pair-dominated reconnection layer in 
the context of magnetar flares and GRB central engines. 

Radiative cooling has only recently started being included in reconnection mod- 



els (|Stcinolfso n and van Hovenll984l ;lD orman and Kulsrudll995l ; |jaroschek and Hoshind 



7 



20091 : iGiannios et alJliooil : iNalewaiko et alJlioiol : lUzdenskv and McKinneJ20ld ) and 
its effects on reconnection have only now started being studied in a systematic way, 
starting with a Sweet-Parker theory of n on-relativisitc resistive reconnect ion in electron- 
ion plasma in the strong cooling regime jUzdenskv and McKinnevll2010l ). It was found 
that a strong prompt radiative cooling greatly affects the energy balance and hence 
the dynamics and thermodynamics of the reconnection layer. One of the most impor- 
tant effects of radiative cooling is that it limits the increase of the central temper- 
ature caused by ohmic heating and this, in turn, has a great effect on the plasma 
collisio nality and Spitzer resistivity in side the layer: cooler plasmas are more colli- 
sional ( Uzdenskv and McKinnevll2010h . In addition, in the absence of a strong guide 
field, radiative cooling leads to a strong plasma compression inside the layer to mai ntain 
the pressure balance dDorman and Kulsrud 19951: Uzdenskv and McKinnevll2010l ). Al- 
though the paper bv lllzdenskv and McKinnev Void ) concentrated mostly on optically 
thin cooling due to a number of radiative mechanisms (cyclotron, bremsstrahlung, in- 
verse Compton), many of its ideas, concepts, and conclusions are valid more generally. 
However, I believe that any serious future efforts in this area will require approaching 
the reconnection problem as a radiative-transfer problem. 

(b) Radiation pressure: In some of the most spectacular high-energy astro- 
physics phenomena, the dissipated energy density and hence the plasma temperature 
are so high that radiation pressure (that scales as T 4 ) starts to play an important role. 
Examples include reconnection in central parts of black-hole accretion disks; central 
engines and inner parts of GRB jets; and gamma-ray flares in magnetospheres of mag- 
netars. In most extreme cases (magnetar flares and GRBs) radiation pressure (together 
with the relativistic pair pressure) is likely to completely dominate over the baryonic 
plasma pressure. How this affects the reconnection process is still not known. 

(c) Radiative (Compton-drag) resistivity due to collisions between electrons 
and photons (in contrast to electron-ion collisions as in the classical Spitzer resistivity) 
is important in several high-energy astrophysics situations (accretion disk coronae of 
black holes, magnetar flares, and GRB jets). 

To the best of my knowledge, the above fundamental aspects of magnetic recon- 
nection in the presence of strong radiation have not yet been adequately explored so 
far, even though they are critical for a number of outstanding proble ms in modern high- 
energy astrophysics. There is only a handful of papers on this subject jDor man an d KulsrudI 



1995: 



Uzdeirskvand MacFadvenlboOrl llT zdenskvl 120081 : Ijaroschek and HoshincT T2009: 



Nalewaiko et alj|20ld ) :" (Uzdensky & McKinney 2010) and clearly much more needs to 



be done. There is a clear astrophysical motivation for further effort in this fundamental 
research area, for investing resources in it to assure rapid progress. To some degree, 
this progress may be facilitated by the a dvent of new exper imental and computational 
tools (e.g., radiation-MHD codes such as lFarris et al.l ( 20081 )) developed recently in the 
emerging area of High-Energy-Density Physics (see below). 

(3) Pair Creation: At the most extreme end of high-energy-density astrophysi- 
cal reconnection lie environments such as magnetar magnetospheres and central en- 
gines of Gamma-Ray Bursts (GRBs) and Supernovae, as well as GRB inner jets. 
These systems are believed to possess ultra-strong magnetic fields — fields exceed- 
ing the critical quantum field of about 4 x 10 13 G. The energy density of such a strong 
field is so high that, when converted to radiation, it yields equilibrium radiation tem- 
peratures greater than the electron rest-mass energy (0.5 MeV). In a situation like 
this, c opious electron-positron pair creation inevitably occurs inside the reconnection 
layer ( Uzdenskv and MacFadvenll2006l : lUzdenskvl I2008T I . in addition to all the radia- 
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tive processes mentioned above. The resulting great increa se in plasma density makes 
the r econnection layer optically thick and highly collisional I Uzdenskv and MacFadvenl 
2006). To a certain degree, pair creation should play an important role also in some- 
what lower-energy systems with mildly-subcritical fields (10 12 G), such as GRB jets 
at intermediate distances and normal neutron stars (e.g., in X-ray pulsars). 

How radiation and pair production processes affect high-energy-density reconnec- 
tion is still not clear. This question will be the main topic of this paper, whereas 
special-relativistic effects will be left out to simplify the discussion. 

As the above discussion demonstrates, the additional physical complications that 
one encounters in astrophysical reconnection often have to do with the high energy 
density in these systems. Thus, a new, rich and exciting area of research — magnetic 
reconnection in High-Energy-Density (HED) astrophysical environments — lies wide 
open before us! One may hope that our efforts to understand the corresponding as- 
trophysical phenomena will benefit from developing a better understanding of HED 
environments — environments in which magnetic field, plasma, and radiation are all 
important and strongly coupled to each other. It is worth mentioning that HED Physics 
(HEDP) and Laboratory Astrophysics (HEDLA) represe nt a new and exciting branch 
of modern physics that has emerged in recent years fe.g.. lDrake!l2006h : they study the 
properties of matter at very high energy densities where radiation pressure is important. 
HEDP is currently enjoying a period of rapid growth fueled in part by the availability of 
new powerful lasers and Z-pinches, such as NIF, Hercules, Vulcan, Omega, Z-machine, 
and Magpie. There has also been a lot of progress on the computational side, with 
the development of advanced radiation-hydro and radiation-MHD codes. The advent 
of these new experimental and computational tools and capabilities provides new op- 
portunities and calls for the exploration of fundamental plasma processes in the HED 
regime, including magnetic reconnection. Our understanding of radiative aspects of 
HED reconnection will especially benefit. So far, however, there has been only a handful 
of disjo int experimental (utilizing laser-p roduced plasmas with mega-gauss magnetic 
fields ) |Nilson et all |2006| ; HI et al.l |2007l) and theoretical (jUzdenskv and McKinnevI 
2010) investigations of various aspects of HED reconnection. I believe that a more 
coherent and organized effort in this important new area of fundamental research is 
needed. 



2 Reconnection in ultra-strong magnetic fields 

In order to give the most dramatic illustration of the above physical effects that become 
important in HED astrophysical reconnection, this paper will focus on the most extreme 
case, where all of these effects (relativity, radiative effects, and pair creation) come into 
play in a very powerful way: reconnection of magnetar-strength fields. This problem, 
representing a new direction of reconnection research, has important astrophysical 
applications (magnetar magnetospheres, GRB central engines and jets). In addition, it 
is intellectually attractive due to its rich and exotic physics. 

Before I start, I would like to remark that in traditional theoretical or computational 
reconnection studies one often likes to cast the problem in terms of dimensionless 
parameters and variables (e.g., velocity normalized to Va). When doing this, one is 
making use of the fact that the equations one deals with can be rescaled, so that 
the actual absolute values of dimensional system parameters (magnetic field in Gauss 
or the system size in centimeters) do not matter. This approach is indeed justified 
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for most of solar-system reconnecting systems. The problem we are going to consider 
here, however, is different. Here, the absolute scale of certain quantities, namely, the 
magnetic field, does in fact matter. There is an important natural scale for the magnetic 
field strength, a certain number in Gauss, and the physics of the problem depends on 
whether the reconnecting magnetic field Bo is low or high compared with this critical 
field. 

This important magnetic field scale is the critical quantum field, 

2 3 

B* = !IL£_ ~ 4.4 x 10 13 G . (1) 

en 

This critical field has a clear physical interpretation that the electron cyclotron en- 
ergy %Q e in this field is equal to the electron rest-mass energy. In this paper, I will 
be using the adjectives "magnetar-strength" , "ultra-strong", and "super-critical" in- 
terchangeably, all meaning magnetic fields stronger than the critical field B* . 



2.1 Astrophysical Motivation 

Although the physics of magnetic reconnection involving magnetic fields of 4 x 10 13 G 
and greater, including radiation and pair production, has not yet been seriously inves- 
tigated and is very poorly understood, it is of great interest to astrophysics. Because 
magnetic fields of such high strength are relatively rare in the Universe, the scope of 
applicability of this problem is of course just a small (albeit, arguably, one of the most 
interesting and exotic!) subset of the very rich landscape of astrophysical reconnection 
painted in the Introduction. Specifically, there are two main astrophysical applications 
of ultra-strong field reconnection, both of which are hot topics in modern high-energy 
astrophysics: giant flares in magnetar (SGR) magnetospheres, and central engines and 
jets of GRBs and supernovae. I shall discuss these examples below. However, I also 
would like to remark that, in addition to these two main examples, radiation effects 
and pair production may become important even at somewhat lower reconnecting mag- 
netic fields (10 12 G) encountered in magnetospheres of regular neutron stars in radio- 
and X-ray pulsars. 

(1) Magnetar Giant Flares. 

Magnetars are isolated neutron stars with magnetic fields of order 10 15 G, much 
stronger than the magnetic fields typical for normal neutron stars (~ 10 12 G) and 
higher than the critical quantum magnetic field B* . Obs ervationally, magnetars are de - 



tected through their powerful X-ray and 7-ray emission (|Woods and Thompsonlkood l. 
Because they do not have binary companions, this emission cannot powered by accre- 
tion; instead, it is believed to be powered by the episodic dissipation of the magnetic 
field energy. Most of the time, magnetars are found in a quiescent state, but sometimes 
they produce intense bursts of soft gamma-rays (so-called Soft Gamma Repeaters, 
or SGRs). The most dramatic manifestation of magnetar activity is the SGR giant 
flares — the most in tense galactic even t s, releasing 10 44 — 10 46 erg in just a frac- 
tion of a second (e.g.. iMazets et al"lll999l ; IPalmer et al.ll2005l ). It is generally believed 
that the underlying mechanism for powering these flares is, again, the release of the 
free energy of a non-potential magnetic field i n the neutron star's magnetosphere , 



nagnctospr. 

twisted up by the sta r's crustal displacements (|Thompson and Duncanl 1 19951 . 120011 



iThompson et all 120021 1 . In particular, based on the analogy with solar flares, it has 
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been suggested that the specific mecha nism for magnetic energy release is reconnec 



tion in the magnetar's magnetosp here (|Thompson and Dunca: 



tion m tnc magnetar s magnctosp 
l2003al . l2006al : iMasada et allboiol ) . 



rg y release is reconnec- 
nl ll995l . l200ll : iLvutikovl 



However, how exactly reconnection should happen 
in this environement, e.g., how fast it should be, is not yet understood and has not 
been systematically explored in the literature. In view of this fact and in order to 
discriminate the magnetar reconnection hypothesis from competing alternative mod- 
els, it is extremely critical to understand the underlying physics of reconnection of 
magnetar-strength magnetic fields and to connect the theory with the key observa- 
tional constraints: the short (milliseconds) flare rise time, and the duration (0.25 sec) 
and the temperature (~ 200 keV) of the main 7-ray spike. 

(2) Magnetically-driven models of Gamma- Ray Bursts (GRBs). 
Long-duration gamma-ray bursts (GRBs) are some of the most energetic and spec- 
tacular explosions in the Universe, releasing on order 10 51 — 10 52 ergs of energy in the 
form of 7-radiation in just a few seconds or tens of seconds. The current paradigm, 
know n as the collapsar model (|Wooslevlll993l ; |Paczvnskilll998l ; iMacFadv en and Wooslevl 



Il999l ). holds that these enigmatic explosions result from gravitational collapse of cores 
of massive stars. In this scenario, a star's iron core collapses to form a black hole, 
while the subsequently falling stellar material forms an accretion disk around it. The 
resulting "micro-quasar inside a star" acts as the central engine driving the subse- 
quent GRB explosion. Alternatively, the progenitor star's core may collapse into a 
rapidly rotating (millisecond) magnetar (instead of a black hole) that can also act 
as a central engine. In any case, the engine produces an ultra-relativistic jet that 
burrows through the outer stellar envelope, breaks through the star's surface, and 
eventually leads to the observed burst of gamma rays. In one of the leading ver- 



Thompson 1994: Meszaros and Rees 


19971; Lee et al.l 200d Vlahakis and Konigl 2001 : 


Lvutikov and Blackman 200 ll: van 


D utten and Ostrikerl 2001 : Drenkhahn and SDruit 


2002|:lLvutikov and Blai 


idfordl 2002. 


20031: Ivan Putten anc 


Levinson 120031: IProea et al. 


2003:.: iLvutikov l2006bl; 


Uzdenskv and MacFadvenl 120061. 


2007bll2007al: iBurrows et al. 


20071: iKomissarov and Barkov 200?t). in analogy with iets in other astroDhvsical svs- 



terns. Since most of the large-scale poloidal magnetic flux is produced by MHD dynamo 
in the central engine (as opposed to the pre-existing field in the progenitor star), all 
the poloidal flux has to return to the centra l engine. Therefore, morphologica lly, the 
jet shoul d be similar to a magnetic tower ( Uzdenskv and MacFadvenl 120061 ). intro- 
duced bv iLvnden-Belll ( 19961 ) for the jets of active galactic nuclei (AGN). Recent MHD 
simulati ons of the collapsar and millisecond-magnetar scen arios seem to support this 
picture (|Burrows et aljfeoOTl ; IKomissarov and Barkovll20C)7T ). 

In order to be successful, any magnetically-dominated GRB scenario must have a 
magnetic field of order 10 15 G at the base of the outflow — the inner part (10 km) 
of the central engine's accretion disk or the neutron star. This is in fact quite plau- 
sible for the dense and hot environment of a collapsing stellar core. Of key impor- 
tance, however, is the question whether the resulting outflow will remain magnetically 
dominated as it propagates through the star. Indeed, a smooth coherent magnetic 
structure, e.g., a magnetic tower, is certainly an idealization, employed to obta in basic 
physical insight into the system's dynamics (|Uzdenskv and MacFadvenl l2006h . In re- 
ality, t he magnetic field in the GRB jet may h ave a complex substructure on smaller 
scales ((Uzdenskv and MacFadvenl 2007b, 2 007a! '). Furthermore, the magnetic field in the 
jet (e.g., in a magnetic tower) is constantly twisted up by the disk's differential rota- 
tion, and thus may become kink-unstable. This may lead to a significant disruption, in 
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particular, to the formation of thin current layers, similarly to the internal-kink-driven 
sawtooth disruptions in tokamaks. In addition, a large-scale current sheet naturally 



form s as the initially closed magnetic field of the central engine opens up ( Uzdenskvl 
120021 ). 

Current sheets formed by any of these processes are the possible sites for magnetic 
reconnection. If reconnection happens quickly enough, it may lead to the break up of a 



single coherent magnetic structure into a "train of plasmoids" 1 Uzdenskv and MacFadvenl 



2007b). The expected sizes of such plasmoids and their production rate are presently 
not known, but this should have important consequences for the observed rapid GRB 
variability. 

These considerations show that reconnection is an important issue for magnetically- 
driven GRB models. Whether a magnetic tower jet can survive as it propagates through 
the star, and whether it remains magnetically dominated at large distances, depends 
critically on the effectiveness of reconnection. In other words, reconnection onset deter- 
mines where in the magnetically dominated GRB jet the magnetic energy is dissipated 
and this, in turn, has profound implications for observable radiative signatures includ- 



ing the prompt 7-ray emission ( Lyjrtikoy_an^^kacknian 200] ]_ L^utikov^md Blandford 
l2002l ; lLvutikovl2006bl ; fGiannios and Spruitl2006l . l2007l ; lMcKinnev and Uzdenskvl2010l '). 



2.2 Definitions and useful relationships 

As I mentioned above, although reconnection of magnetar-strength (of order B* ~ 
4 x 10 13 G and greater) magnetic fields is often invoked in astrophysics, its most basic 
underlying physics has not been systematically explored so far. Therefore, in order to 
approach this problem, one first needs to make preliminary estimates in order to figure 
out what the relevant physics is, what physical processes are important. This task will 
be the main objective of the present review. Only after this is accomplished, can one 
move on to the next stage and think about the most appropriate ways to describe the 
problem mathematically and explore simple toy models (e.g., along the lines of the 
Sweet-Parker reconnection model). Eventually, one hopes to gain enough insight from 
such models to be able to construct a physically realistic model that most likely will 
have to be attacked numerically. 

Before I proceed, I would like to list, for reference, the following important expres- 
sions and definitions. 

Fine structure constant: 

« = ^-0.00723. (2) 

Classical electron radius: 

2 

r e = o ~ 2.818 x 10~ 13 cm. (3) 

m e c z 

Electron Compton wavelength (divided by 2n): 

l c =r e /a = — = 3.86 x 10~ n cm. (4) 

m e c 



Thomson cross-section: 



a T = ^ r l - 6 - 65 x 10 ~ 25 cm 2 ■ ( 5 ) 
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Stefan-Boltzmann constant: 

2 ; 4 

°SB = ™ ttV - 5 ' 67 x 10 ergcm K s . (6) 
60 % 6 c 2 

Radiation constant: 

a = i^B = (7 . c) _ 3 „ 7 ^ x 10 -15 ergcm -3 K -4 (7) 

Critical magnetic field, defined so that frJ? e = heB*/m e c = m e c 2 : 

2 3 

B* = Hh£- ~ 4.4i x 10 13 G . (8) 
e?i 

The magnetic pressure and the energy density of the critical magnetic field: 

-— = — (m e c ) a (fie) ~ 7.8 x fO erg cm . (9) 

OTV Oil 

2.3 A remark about and large and very large numbers 

In this paper we shall deal with approximations based on various large dimensionless 
parameters. Some of these will be simply the physical parameters of the problem, prop- 
erly dimensionalized, such as the upstream reconnection field (Bo) in units of B*, the 
central temperature (To) in units of m e c 2 , etc. 1 shall sometimes formally consider 
9 e = kBTo/m e c 2 and b = Bq/B* to be large, but will keep in mind that in reality 
they are not tremendously large. In addition, we may encounter a few other dimen- 
sionless parameters that are just physical constants, e.g., the inverse fine structure 
constant a -1 ~ 137. We shall also treat these formally as large numbers. 

Then, however, there is one truly large number in this problem: the ratio of the 
size of the system L to the electron Compton wavelength Iq. Indeed, keeping in mind 
astrophysical applications of our theory to neutron stars (magnetars, pulsars, core- 
collapse environments), the typical system size is the radius of a neutron star (or, 
perhaps, the gravitational radius of a stellar-mass black hole in GRB case). Generally, 
it is of order 10 6 cm, and hence L/l(j ~ 10 16 . This number is much-much larger than 
all the other independent dimensionless numbers in the system. It therefore represents 
a different class of "largeness". As we shall see, several important large parameters in 
our problem can be expressed in terms of this ratio. 



2.4 Relativistically hot plasma 

What are the physical challenges in understanding magnetic reconnection in the ultra- 
strong magnetic field regime? Of key importance here is the fact that, when the cor- 
responding magnetic energy is dissipated, the resulting internal plasma energy density 
and pressure are so high that they become dominated by radiation (and, for Bq ^> -B*, 
by relativistic pairs as well). In particular, an important basic estimate for the temper- 
ature To at the center of the reconnection layer in the case without a guide magnetic 
field can be readily obtained from the cross-layer pressure balance. Assuming for sim- 
plicity that the region outside (upstream) the layer is magnetically dominated, so that 
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the upstream plasma and radiation pressure can be neglected, the pressure balance 
condition can be written as 

B 2 

-Prad,0 + -Pplasma,0 ~ ) (10) 

where Bo is the upstream magnetic field, P ra d,o is the radiation pressure and ^piasma,o 
is the plasma pressure, including pairs, at the center of the reconnection layer. 

In what follows it will be convenient to represent the temperature by a dimensionless 
quantity — a temperature normalized by the electron rest-mass energy: 



k B T 



Then, the corresponding radiation pressure is 



(11) 



d 1 rr a rri ^ / 2n4 f% ,-3 Q 4 n 2 m e C 2 4 . 

Aad = 3 ^rad = 3 T = — (m e c ) (he) 8 e = — 6 e . (12) 

For the extreme conditions we are interested in here, we expect the pressure of 
baryons and associated electrons inside the layer to be small compared with the radi- 
ation and relativistic pair pressure. The pair pressure -fpairs hi thermal equilibrium is 
lower than the radiation pressure for moderate temperatures, T < m e c 2 , but becomes 
comparable to th e radiation pressure at higher temperatures, -P pa j rs — (7/4) P ra{ j (e.g., 
IChoudhurilboiQh . Thus, we can approximate the total gas+radiation pressure inside 
the layer by the P ra d + f pairs — (H/4) f r adi an d thus get fiducial estimate for the 
central layer temperature To based on pressure balance between the magnetic pressure 
outside and the radiation and pair pressure inside: 



M° = ( ± 45 y 74 b l/2 ^ 50? Q -l/4 b l/2 ^ L?3 6 l/2 

11 57T J C 



(13) 



where 

b = B/B* . (14) 

In any case, we see that we are necessarily dealing with relativistically hot plasmas! 
Basically, we see that the central plasma is relativistically hot for b > 1 and not 
relativistic for b < 1. In particular, for a typical mag netar field of B = 10 15 G ~ 23 B*, 
we get k B T ~ 4MeV ~ 8m e c 2 . 

Interestingly, because radiation and pair pressures, which are the dominant pressure 
components in this regime, depend only on temperature but not on the baryonic den- 
sity, the latter drops out of the pressure balance. Hence, the pressure balance uniquely 
determines the temperature in terms of the upstream magnetic field, essentially inde- 
pendently of the upstream plasma density! 



2.5 Pair Creation 

What are the implications of this very high temperature inside the layer? The main 
implication is that the temperature inside the layer is so high that one expects copi- 
ous electron-positron pair production. In the case of magnetar flares, the pair density 
inside the layer is likely to be rather insensitive to, and much greater than, the am- 
bient plasma density. In fact, it is determined essentially uniquely by the strength Bq 
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of the reconnecting magnetic field , no matter how low the upstream plasma density 



(|Uzdenskv and MacFad vcn 2006). n particular, in the ultra-relativistic limit 8 e Q 3> 1 



(corresponding to b ^> 1), the equilibrium pair density is 



3C(3) T\ ^ nleo7 /T 



^ryj-j ^ 0A827 [iz) ~ °- 1827 l c 3 °e - 3 - 2 x 1()30 cm 3(9 e ' ( 15 ) 

where £(x) is Riemann's zeta-function, £ (3) = 1.202.... Thus, we see that the character- 
istic scale for the pair density in this regime is one particle per Iq, and for Bq = 10 15 G 
the density becomes as high as 3 x 10 33 cm -3 — again, much higher than, and hence 
essentially independent from, the ambient plasma density in the magnetar magneto- 
sphere. This justifies out our assumption that the pressure inside the layer should be 
dominated by pairs and radiation, whereas the baryonic contribution should be negli- 
gible. 

As a side remark, it is interesting to note that, as was shown by |Medvedevll|l99g| ). 



the plasma density uu p in an ultra-relativistic pair plasma in thermodynamic equilibrium 
with photons, is just proportional to the temperature: hcjp/kgT = [14^(3)a/37r 2 ] 1 / 2 ~ 
0.0644. Thus, for example, for ksTo = 4MeV, corresponding to Bo — 10 15 G, we get 
hw p ~ 260 keV. 

Why are pairs important? They are important because they are expected to affect 
in the physics of reconnection in two profound ways. Firstly, the pairs make the re- 
connection layer optically-thick even in the direction across the layer, hence efficiently 
trapping the radiation and ensuring local thermodynamic equilibrium between the 
plasma and radiation in the layer. Second ly, the extremely high pair densi ty makes the 
plasma inside the layer highly collisional (Uzdcn skv and MacFadve p| |2006h . in contrast 



to reconnection in tokamaks, in the Earth magnetosphere, and, to some degree, in solar 
flares. We will consider these two consequences of pair production in relativistically hot 
reconnection layer in the next two subsections. 



2.6 Optical depth and the radiative transfer problem 

First I would like to note that, in the case of reconnection with supercritical fields and 
highly-relativistic central layer temperatures, we expect that a high pair density should 
not be limited to the current layer proper, but may, in fact, spread over a much wider 
region, forming a thick "pair coat" around the current layer. 

Indeed, as the magnetic energy is dissipated and the reconnection layer heats up, it 
starts to emit large numbers of 7-ray photons, including those with energies e > m e c 2 . 
These photons create electron-positron pairs some distance upstream of the current 
layer. Some of the newly created pairs quickly produce new 7-ray photons via pair 
annihilation and other mechanisms and some of these new photons in turn travel some 
distance away from the layer and then produce new pairs, etc. Thus, the thin resistive 
current layer, in which the ohmic dissipation of magnetic energy takes place, quickly 
becomes dressed in a growing coat of electron-positron pairs. 

Pair creation is affected by quantum-electrodynamical (QED) effects associated 
with the ultra-strong magnetic field through which the photons have to propagate. On 
the one hand, the strong magnetic field suppresses somewhat the usual two-photon 
pair creation process, but, on the ot her hand, it enables a new process of one-photon 
pair creation (|Harding and Lall2006l ). In any case, however, our basic conclusion about 
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the existence of a substantial pair coat surrounding the current layer is likely to remain 
valid. 

The column density of the pair coat is likely to be large enough to efficiently trap the 
photons, even in the direction across the layer; that is, the pair coat is expected to be 
optically thick to Compton/Thomson scattering. The high optical depth ensures a good 
local thermal coupling between the photons and the plasma. This expectation alone 
represents a stark difference with the conventional reconnection where the reconnection 
region is always considered to be completely optically thin. 

In addition to a large optical depth to Compton scattering on pairs, the ultra-strong 
magnetic field itself provides a substantial obstacle to the propagation of photons 
due to QED processes of 1-photon pair creation (7 — > e + e~) and photon-splitting 
(7 — * 77)- These processes are especially important for higher-energy photons and 
effectively preclude most of MeV photons from leaving the inner magnetosphere. 

The pair coat may also be geometrically significantly thicker than the current layer 
proper, and thus may appear to an outside observer as a moderately flattened "fireball" 
with some photospheric temperature T p h. 

In general, because the equilibrium pair density, resistivity, and radiation pressure 
are all strong functions of temperature, the issues of thermodynamics and thermal 
transport are extremely important in this problem. In particular, one needs to pay 
careful attention to the balance between ohmic heating, advection, and radiative cool- 
ing. 

Because of the large expected optical depth, photons have to diffuse gradually across 
the dressed layer. Nevertheless, under certain conditions, the corresponding photon 
diffusion time may be shorter than the global advection time along layer. Specifically, 
for a dressed layer of length L and thickness H < L and scattering optical depth r, the 
photon diffusion time can be estimated as t^iff ~ T H/c, whereas the global advection 
time is about i ac [ v ~ L/c. Thus, photons can escape the layer before being advected out 
by the plasma flow if r < L/H, or, equivalently, if r 2 ~ £/^ p h,mfp- That is, unless the 
optical depth is too large, a significant part of the dissipated magnetic energy can be 
promptly radiated away across the layer, instead of being advected out along the layer. 
In this strong cooling regime, radiative cooling competes with (or even dominates over) 
advection as the main mechanism of removing the dissipated energy. Intense radiative 
cooling governs the thermodynamics of the reconnection process and drastically affects 
both the dynamics of reconnection layer and its appearance to an external observer. 

Importantly, in the strong cooling regime our magnetic reconnection problem be- 
comes, fundamentally, a radiative transfer problem). This, again, is in sharp contrast 
with conventional low-energy-density reconnection (e.g., in solar flares, Earth magne- 
tosphere, and tokamaks), where radiative energy losses are insignificant on the global 
advection time scale. Furthermore, in the strong cooling case, the two directions (across 
and along the layer) effectively decouple, which makes the analysis much easier. In 
particular, the problem of determining the perpendicular layer structure becomes one- 
dimensional (ID) and involves two coupled equations: the pressure balance and the 
radiative transfer equation reflecting the balance between ohmic heating and radiative 
cooling (in many respects, this is similar to the problem of the vertical structure of 
accretion disks). No such simplification is possible in the traditional reconnection case 
where the dissipated energy is removed by the flow of plasma along the layer and the 
problem remains essentially two-dimensional. 

Despite being one-dimensional, the radiative transfer problem in the strong cooling 
regime is still highly nontrivial, in part because it needs to be coupled with an equa- 



16 



tion for the pair density. Deep below the photosphere, the plasma-radiation thermal 
coupling is good and the pair density is determined by the local thermodynamic equi- 
librium [e.g., by an analog of the Saha equation, see eq. (|15|l]; it essentially becomes 
a function of local temperature only. However, near and certainly outside the photo- 
sphere, local thermodynamic equilibrium breaks down and the pair density is instead 
determined by the balance between various creation and annihilation reactions, which 
are all affected by the ultra-strong magnetic field through a number of nontrivial QED 
effects. 

This problem (even below the photosphere) is yet to be solved; we don't even have 
a good theoretical handle on the most basic parameters of the "dressed" reconnection 
layer. Moreover, in its full generality (i.e., for arbitrary optical depth), the problem 
of reconnection with strong radiative cooling is not yet solved even for a sub-critical 
magnetic field, B <C when pair creation is not imp o rtant . A first step towards 
solving it was made recently bv lUzdenskv and McKinnevI (|2O10h who investigated the 



effects of strong radiative cooling on resistive-MHD reconnection with a main focus on 
the optically thin regime. For simplicity, that paper considered a non-relativistic com- 
pressible resistive (with Spitzer resistivity) reconnection layer and ignored radiation 
pressure and Compton-drag resistivity. It formulated the conditions for the strong- 
cooling regime and developed a self-consistent Sweet-Parker-like model with strong 
radiative cooling. In this regime, the temperature at the center of the layer is deter- 
mined by the balance between ohmic heating and radiative cooling and is substantially 
lower than in the case without cooling. Correspondingly, because of the strong temper- 
ature dependence of the Spitzer resistivity, the Lundquist number S oc l/?7 is lower and 
the reconnection rate is higher. Furthermore, in the case of antiparallel reconnection 
(i.e., without a guide field), intense cooling leads to a strong compression of the plasma 
inside the layer and this also enhances the reconnection rate. 

Although the main focus of lUzdenskv and McKinnevI (|2O10h was on the optically 
thin cooling regime for several specific astrophysically important radiation mechanisms, 
many of the results and insights obtained in that paper are quite general and should 
apply to the optically thick and intermediate cases as well. However, these results 
are not directly applicable to the high-energy-density, radiation- and pair-dominated 
environment we are considering here, for a number of reasons. One of them is that the 
relativistic pair and radiation pressure, which dominates the pressure balance in our 
problem, is insensitive to the baryonic density and hence it is not clear whether a strong 
radiative cooling needs to lead to strong baryonic compression. And, of course, the 
problem of reconnection of magnetar-strength fields is further complicated by an entire 
host of pure-QED effects that govern the propagation of high-energy photons across 
the strong magnetic field, as well as pair creation and annihilation processes. Among 
the most important such effects are magnetic-field suppression of Compton scattering 
and of two-photon pa i r crea tion, one-photon pair creation process, and photon splitting 
sec lHarding and Lail (|200d ) for a reviewl . 



Interestingly, however, even though the full ID structure of the dressed reconnection 
layer is not yet known, one can derive an important relationship between two key 
parameters of the reconnection layer in the strong optically-thick radiative cooling 
regime without guide field and assuming a steady state. These parameters are the 
optical depth across the dressed layer, r, and the reconnection rate E. The resulting 
relationship appears to be rather robust and independent of the particular solution 
details. 
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In the strong radiative cooling case, where a significant fraction of the dissipated 
magnetic energy is radiated away across the layer, the photospheric temperature T p h 
of the pair coat can be determined from the energy balance: 

a SB Tp h ~ Spoynt = — EB = -^2£ Bq . (16) 

where Spoynt is the Poynting flux coming into the layer. On the other hand, assuming 
that there is no guide field, the central temperature To of the layer is determined by 
the pressure balance between the magnetic pressure outside the layer and the radiation 
and pair pressure inside [see eq. (fTO)) ]: 



rad.O + f pairs, — ~£ g Tq — . 



Thus, we immediately get a simple relationship between the optical depth across 
the dressed layer, r ~ Tq /T 4 h and the dimensionless reconnection rate: 

r*§~^, (18) 

where we ignored factors of order unity. That is, the thicker the layer, the slower is the 
reconnection process. 

This result is interesting because one can actually try to test it against observations. 
Indeed, the typical reconnection inflow velocity is related to the duration t roc of the 
reconnection event 

t Iec ~ L/Viec, (19) 

where L is the size of the reconnecting region, typically of order the size of the neutron 
star, L ~ -Rns ~ 10 6 cm - The reconnection time t rcc presumably corresponds to the 
duration of the ma in prompt phase of giant magnetar flares: t T oc ~ iflare ~ 0.3 s 
(|Mazets et al.lll999h . We thus expect v ICC /c ~ 10~ 4 . 



On the other hand, the obs erved photospheric temperature during the prompt 
flare stage is of order 250 keV I Mazets et alJ Il999h . p h = 0.5, and so, taking the 



reconnecting field to be Bq — 4 x 10 14 G ~ 10 B*, the corresponding optical depth is 



T 4 

~ 250 b 2 ~ 2.5 x 10 4 ~ c/vrec , (20) 



T p 4 h 

consistent with our expectation (|18|l and the above estimate v rcc /c ~ 10 -4 based on 
giant flare observations. 

We note, however, that there is nothing really profound in the above result. A 
similar result would be obtained for any optically-thick fireball, and so the apparent 
agreement between the expected optical depth and the reconnection rate cannot be 
viewed as a proof that reconnection is indeed the underlying mechanism for giant 
magnetar flares. Moreover, the optical depth only enters the above estimates indirectly, 
and what we are really comparing there are the observed photospheric temperature and 
the reconnection time scale. Thus, the above argument should be regarded just as a 
consistency check. 

Furthermore, in reality, it is actually very difficult to imagine a photosphere as hot 
as 250 keV. The reason for this is that the large number of pair-producing photons being 
emitted from such a photosphere would create more pairs, thereby growing the dense 
pair coat to even larger optical depths until a much lower (of order 20 keV as discussed 
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later) photospheric temperature is reached. Thus, I concur with the traditional point of 
view that the apparent very high photospheric temperature of order 250 keV can only 
be explained by relativistic beaming of a much colder (20 keV) photosphere moving 
towards the observer with a Lorentz factor of order 10. 

In order to get a deeper and more accurate understanding of how and where the 
photosphere forms, one needs to analyze the propagation of photons of different energies 
and polarizations across the outer layers of the pair coat and across an ultra-strong 
magnetic field. Photon propagation is greatly complicated by the presence of the ultra- 
strong field, but , overa ll, the picture can be summarized briefly as follows [see, e.g., 
lHarding and Lai ( 20061 ) for review]. 

First, one needs to distinguish between the two photon polarizations: the ordi- 
nary mode (the O-mode), whose electric field vector has a component parallel to the 
background magnetic field, and the extraordinary mode (the X-mode), whose elec- 
tric field is perpendicular to the background magnetic field. The propagation of X- 
mode photons across the field is strongly suppressed by the QED process of pho- 
ton splitting. The attenuation coefficient for this process becomes insensitive to B 
for B > _B», but is a strong function of the photon energy (~ e 5 ). Basically, only 
photons with e < 0.1m e c 2 ~ 50keV are able to escape the strong-field region of size 
L ~ -Rns ~ 10 6 cm. In addition, X-mode photons with energies higher than the thresh- 
old for pair creation with one particle created at zeroth and the other at the first excited 
Landau level [this threshold is e = (1 + \/T+ 2b) m e c 2 ~ 3MeV for b = 10] are subject 
to strong attenuation due to 1-photon pair production. For these pair-producing pho- 
tons this process is even more important than photon splitting. In addition, X-photons 
are subject to Compton scattering, which, however, is strongly suppressed by the mag- 
netic field: <?i^ /<jt — {t/bm e c 2 ) 2 f or a photon with energy e <C bm e c 2 propagating 



perpendicular to the magnetic field (|Heroldlll979h 



In contrast, O-mode photons are not subject to photon splitting. Sub-MeV O- 
photons thus propagate essentially freely across the magnetic field; the only source 
of opacity for them is Compton scattering on pairs, which is not strongly suppressed 
by the magnetic field. On the other hand, pair-producing (MeV) photons are subject 
to heavy absorption due to 1-photon pair production. This process and its inverse 
essentially ensure that these MeV photons are in equilibrium with pairs. 

Since, as we see, the propagation of MeV photons in a super-critical magnetic field 
is complicated, I shall concentrate here on the photosphere for sub-MeV photons that 
do not participate in pair production. After all, it is these photons that account for 
most of the observed emission in giant magnetar flares. 

The photosphere for sub-MeV O-photons is formed at a surface from which these 
photons are able to fly away freely, without being scattered by pairs. This means that 
the photon mean free path becomes comparable with either the characteristic length 
scale of its own gradient, or the system size L (because at distances larger than L 
the slab geometry is no longer applicable and we get geometric dilution effects). For 
simplicity, let us focus on the latter condition. Then, the photospheric temperature # p h 
for sub-MeV photons is determined by a simple algebraic equation: 

^ph, ) <MeV^Ph) = i - ( 21 ) 

Now, how does one estimate the mean free path of sub-MeV photons in the outer 
parts of an optically thick dressed layer? Because of the very tight collisional coupling 
between pairs and > MeV photons, facilitated by the ultra-strong magnetic field, there 
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is an approximate local thermodynamic equilibrium between pairs and such photons. 
Thus, as long as we are below or close to the photosphere for MeV photons, the 
local pair density can probably be determined from the Saha equilibirum formula. We 
expect the temperature at the photosphere (for both sub-MeV and MeV photons )to be 
somewhat sub-relativistic, so we can use the low-tempe rature limit of that fo rmula with 
the exponential suppression of the pair density (e.g.. [Padmanabhanll200ol ). However, 
we still expect the pair density to be much higher than the ambient baryonic density, 
which is therefore neglected. We then estimate: 

(22) 



In the presence of an ultra-strong magnetic field, the cross-section for the Compton 
scattering is no longer equal to Thomson cross section (with Klein-Nishina corrections) 
but becomes a nontrivial function of the photon energy and orientation; basically, a 
strong magnetic field suppresses Compton scattering somewhat. For low-energy O- 
phot ons propagating across the magnetic field, this suppression is rather modest, how- 



photons propagating across the magnetic held, this suppression is rather modest, how- 
ever (|HeroIdlll979l ; lHarding and Laill2006l ). Thus since here we are interested only in 



the overall qualitative picture and in crude estimates, we can take it to be a?. Then, 
the resulting Compton/Thomson mean free path for sub-MeV O-mode photons can be 
estimated roughly as 

*So*v(ftO ~ — j— ~ lc a" 2 eV°> . (23) 

°T '^pairs 

Substituting this into (|21[) . we see that the photospheric temperature is determined 
from the algebraic equation 

0-3/2 e i/e ph = a 2 L/h (24) 

Anticipating 9 p h -C 1, its approximate solution is 

9 pl ] = In a 2 L/l C - | hrflph 1 ~ hxL/l c + 2 In a - | lnlnL/Z c ~ 25 . (25) 

where we took L = 10 cm ~ 2 x 10 16 2 c . As we see the resulting temperature de- 
pends on L and other parameters only logarithmically, so the exact value of L is not 
important. Thus, we see that the photosphere for sub- MeV O-photons forms at a tem- 
perature of about 20 keV, and is rather insensitive to the exact parameters. We note 



that this temperature does not agree with the temperature [T ~ 200 keV (jMazets et al.l 
Il999h observed during the main prompt (spike) part of an SGR flare lasting a frac- 
tion of a second. Thus, the very high observed temperature of that spike can probably 
be explained only by invoking special-relativistic effects, namely an ultra-relativistic 
(Lorentz factor of ~ 10) outflow beamed towards the observer. On the other hand, 
the above photospheric temperature of T p ^ ~ 20keV is consistent with the observed 
thermal radiation emitted during the second (tail) phase of an SGR flare that fol- 
lows the main spike and lasts for hundreds of seconds. This phase is conventionally 
explained by thermal radiative cooling of a highly optically thick relativistically-hot 
fireball confined magnetically next to the neutron star. Our optically thick pair coat 
around a reconnection layer is in some respect just a particular (flattened) version of 
such a fireball; thus, the model proposed in this paper can be viewed as providing a 
particular mechanism for the formation of such a fireball. 
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Incidentally, the total dressed-layer optical depth corresponding to a photospheric 
temperature of 20 keV, and the central layer temperature of 2.6 MeV [which corre- 
sponds to the reconnecting magnetic field of 10 B*, see equation (|13p ], can be estimated 
as 

T = T 4 /T^ h ~ 10 b 2 [ln(a 2 L/\ c )f ~ 6 x 10 6 b 2 ~ 10 9 . (26) 

We see that the expected reconnection time scale based on the strong-cooling for- 
mula (|18p and equation ()19[) would be about tree ~ tL/c ~ 3 x 10 sec, inconsistent 
with the observed flare duration. The reason for this is that the above optical depth is 
so large that the photon diffusion time across the layer is now longer than the global 
advection time along the layer, and so either the layer is no longer in the strong-cooling 
regime or the steady state assumption breaks down. In any case, the formula (|18[) is 
no longer applicable. This means that here we are dealing with a more conventional 
situation where most of the dissipated magnetic energy stays with the plasma during 
the reconnection pr ocess. We then arrive at the traditional picture ana l ogous to a so- 
lar p ost-CME flare (|Thompson and Dunc^ll99d . l2^ol] : lLvutikovll2006al : lMasada et"aD 



l201Ch . In this picture, one relativistically hot fireball is trapped in the post-flare recon- 
nected magnetic loops attached to the neutron star and is responsible for the long tail 
thermal (with T ~ 20 keV) emission lasting for hundreds of seconds and modulated by 
the star's rotation, while another hot plasma blob is ejected out relativistically and is 
responsible for the main 7-ray spike. 



2.7 Reconnection layer collisionality 

The second major effect that pairs have on reconnection is their effect on the plasma col- 
lisionality: the expected number density of pairs and phot ons inside the reconnection 
layer is so high that the layer becomes highly collisional 1 Uzdenskv and MacFadvenl 



120061 : IUzdenskvl[200i ). Here, the term "collisional" is used in the same sense as it is 
used in the traditi onal reconnection studies . Basically, it means that the correspond- 
ing Sweet-Parker (|Sweetlll958l ; |Parkerlll957h thickness 5gp = \/ Lv/Va is larger than 
the microphysical length scales relevant to collisionless r econnection, namely, the ion- 
collisionless skin depth rij in electron-ion plasmas (e.g., Ma and Bhattacharieel [1 996 ; 



collisionless skin depth dj in electron-ion plasmas (e.g., Ma and Bnattacliaricc iyyb 
iBiskamp et"ai1ll997l ; [Rogers et al.ll200ll;ICassak et aUl2005fi" and the electron collision 



less skin depth d e in pai r plasmas (e.g., Bcssho and Bhattacharic e1l2005l,l2007|) [replaced 
by the ion-sound (e.g.. iKleva et allll995l : [Rogers et a.1.1 l200ll : ICassak et al.|l2007h and 



electron Larmor radii, respectively, for the case with a strong guide magnetic field]. 
As one can easily show, the condition 5gp > dj in the case without a strong guide 
field can be expressed in a form that brings out the role of collisionality explicitly: 
L > A e m f p (mj/m e ) 1/ ' 2 , where A P-rn fp is th e electron collisional mean free path inside 
the reconnection layer l Yamada et al.| [2006"l. Furthermore, for Coulomb collisions, this 



condition can be rec ast in an even m ore convenient form that involves only macroscopic 
system parameters (|Uzdensky||2007l ) . 

The reason why the layer collisionality is usually considered to be important is 
that it is generally believed to control the regime of reconnection and hence the re- 
connection rate, at least in traditional non-relativistic electron-ion plasmas. Namely, 
in the collisionless case resistive-MHD approximation breaks down inside the layer and 
one has to invoke more realistic plasma physics, especially in the genera lized Ohm 
law. Then, as numerous numerical and laboratory studies have shown ( Birn et al.l 
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(e.g., l200lh : lYamada et all (e.g., l2O10h ). reconnection proceeds in the so-called fast 
collisionless regime, facilitated by two-fluid (e.g., Hall) effects and/or anomalous re- 
sistivity and exhibiting a Petschek-like structure and a very fast reconnection rate, 
cE ~ 0.1 BqVa- In contrast, in the collisional (<5gp > dj) case, resistive-MHD de- 
scription with classical resistivity is ap plicable; t hen, the two-fluid and anomalous- 
resistivity effects are not important, the lPetschekl ( 19641 ) fast reconnection mechanism 
fails, and reconnection proceeds much slower. The naive expectation would be that col- 
lisional resistive-MHD reconnection proceeds as slow as at the classical Sweet-Parker 
rate, cE ~ Bo {Vav/L) 1 ' 2 (Sweet, Parker). However, recent studies have challenged 
this traditional point of view and blurred the distinction between the slow collisional 
and the fast collisionless reconnection. It now appears that even collisional recon- 
nection may be fast! The reason for this is that t hin and long resistiv e current lay- 
ers are subject to a secondary tearing instability ( Loureiro ^^alJ 2007 ) that qu ickly 
breaks them up into chains of rapidly growing plasmoids ( Samtanev et alJ boOa ), As 
a result, a stationary and laminar reconnection layer is replaced with a highly dy- 
namic hierarchical plasmoid cha in ( Shibata and Tanumal l200ll ; lUzdenskv et al.l 20ld ; 

IHuang and Bhattacharieel l20ld ) with an effective reconnection rate of order cE ~ 

10~ 2 BoVa even in resistive MHD (|Bhattachariee et al.ll2009l : ICassak et al . 2009; Huang and Bhattacharieel 
|2010| ; lUzdenskv et al-llioioh . Furthermore, the plasmoid hierar chy leads to the devel- 
opment of very small current sheets, as thin as 5c ~ 100v/Va (jPaughton et al.ll2009l : 
IHuang and Bhattachar"ieell2010l : lUzdenskv et al.ll2010l ) . If this thickness turns out to be 
smal l er than dj, then these layers may themselves becom e collisionless ( Daughton et al.l 
120091 ; IShepherd and CassaklbOld ; lUzdenskv et alj|20ld ). This leads to a certain blur- 
ring of the boundary between the collisional and collisionless reconnection regimes. In 
particular, one expects the effective reconnection rate in this case to be nearly as high 
as the canonical collisionless rate of 0.1 BqVa- 

I would like to remark that, until just a couple years ago, most of the traditional 
reconnection research in the past two decades has focused on collisionless reconnection. 
The main reason for this was that the main applications driving reconnection research 
— reconnection in the Earth magnetosphere, sawtooth crashes in tokamaks, and, to 
a certain degree, solar flares — do indeed involve sufficiently tenuous, collisionless 
environments. In addition, as we discussed above, resistive-MHD reconnection was 
expected to result only in very slow, Sweet-Parker reconnection, and hence to be 
irrelevant for any observed phenomena — although we now know this not to be the 
case. 

In any case, while the jury on the rate of collisional reconnection may still be out, 
it is probably still true that the plasma collisionality inside the reconnection layer 
controls the regime of the reconnection and the overall reconnection-region structure 
and may also control the reconnection rate. Therefore, it is probably wise to pay a 
serious attention to this potentially important issue. Of course, there is no guarantee 
that our intuition from non-relativistic, non-radiative plasmas can be of any use in the 
case of magnetar-strength field reconnection, but it is still worth asking whether the 
reconnection of magnetar-strength magnetic fields is collisional or collisionless. 

I claim that in the case of reconnection of super-critical (and even mildly sub- 
critical) magnetic fields the electron-positron pair density should be so high that the 
reconnection layer should unavoidably be highly collisional (from the point of view of 
reconnection, as discussed above). To illustrate this, I present, w i th sli ght modifica- 
tions, a specific example considered by lUzdenskv and MacFadvtnl <|200d ) in the GRB 
central engine context. 
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For a reconnecting magnetic field of only about one half of £>*, the correspond- 
ing plasma temperature at the center of the reconnection layer should be of order 
ksTo ~ 300 keV. The corresponding equilibrium pair density [using the non-relativistic 
expression n e = 2(m e kgTQ /2-kTi 2 ) 3 ^ 2 exp(— m e c 2 /kgTo) for a rough estimate] is on the 

order of n e ~ 2 x 10 29 cm -3 . The classical collisional Spitzer resistivity due to electron- 

3/2 9 

positron collisions at the above temperature is r\ ~ 0.27 cr e 6 e ha. A ~ 0.1 cm /sec, 
and the Compton-drag resistivity should give a similar contribution at these temper- 
atures. Then, the main dimensionless quantity that characterizes a resistive-MHD re- 
connection layer — the Lundquist number S = VaL/t] — is indeed very large, roughly, 
S ~ (L/r e ) ~ 3 x 10 18 . Here, we took the global length-scale of the reconnecting 
system to be L = 10 6 cm and used Va ~ c > #e ~ 1- Then, the classical Sweet- 
Parker (|Sweetlll958l : IParkerl Il957h thickness of the reconnection layer is as small as 
5gP = L 5 1 " 1 / 2 ~ 10~ 2 cm. This thickness is tiny compared with L; however, it is huge 
compared with all the relevant micro-physical plasma length-scales, such as the photon 
and electron collisional mean free paths (A m f p ~ 10~ 6 cm), the electron gyro-radius 
(p e ~ 10~ 10 cm), and the electron collisionless skin-depth (d e = c/u] pe ~ 10 -9 cm). 
This means that, although in absolute terms they are very small, the classical collisional 
resistivity (due to e + e~ Coulomb collisions) and the Compton drag (due to e + 7 and 
e _ 7 collisions) dominate over all other non-ideal terms in the generalized Ohm law. 
Therefore, collisional radiative resistive MHD should apply and provide an accurate 
description of the plasma inside the very thin reconnection layer. 

It is of course, understood that the above argument is not complete. It ignores 
several important physical ingredients, such as radiative cooling of the reconnection 
layer, special-relativistic effects, and the QED effects of the near-critical magnetic field. 
However, at the very least, the above argument should be considered a cautionary note 
about the applicability of fast collisionless reconnection theory to this environment. 

The main implication of this finding is that reconnection in super-critical fields 
should proceed in the resistive plasmoid-dominated regime. Then, provided that our 
understanding of plasmoid-dominated reconnection can be extended to the highly rel- 
ativistic and optically-thick electron-positron plasma in an ultra-strong magnetic field 
(which is a big "if), one is tempted to conclude that the effective reconnection rate 
should be bracketed between the purely-resistive rate of 0.01 BqVa and the collisionless 
rate of order 0.1 BqVa- Which one of these limits applies should depend on the ratio 
Sc/de ~ 100 rjVA/de- One can easily check that, for the physical conditions expected 
in the environments under consideration, these two scales (8 C and di) are not very 
different from each other. Therefore, given the large number of uncertainties in our 
understanding of reconnection in this regime, it is probably premature to try to draw 
any definitive conclusions. 

What are the implications of the above range in reconnection rates (0.01—0.1 BqVa) 
for the main astrophysical systems of interest — GRBs and magnetar flares? 

In the case of GRB central engines, the high collisionality may suppress imme- 
diate very fast large-scale reconnection. Even if the effective reconnection rate is as 
high as 0.01 Bo Va> a magnetic-tower-like outflow might not be completely destroyed 
by reconnection and may survive its propagation through the inner region (of order 
10 8 cm) of the star, at which point the outflow beco mes relativistic and this results i n 
a slow-down of reconnection in the laboratory frame IjUzdenskv and MacFadve nl l2006h . 
However, as the outflow expands and eventually breaks out from the star, the recon- 
necting magnetic field decreases and the reconnection layer cools. At some point, pairs 
annihilate and the particle density drops rapidly. Then, the layer becomes collision- 
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less and can switch to a much faster reconnection regime I Uzdenskv and MacFadvenl 
120061 : iMcKinnev and Uzdensk"vll20ich . The resulting efficient reconnection m ay trans- 
form the outflow into a train of plasmoids (jUzdenskv and MacFadve nl l2007al ), accom- 
panied by the corresponding delayed magnetic energy release. Indeed, post-breakout 
reconnection in relativistic Poynting- flux-dominated je ts has been invoked as a plau- 
sible mechanism for powering GRB prompt emission (jLy utikov and Blackmanj 2001 ■ 
Lvutikov and Blandfordll2002l, [ioO^; iDrenkhahn and Sprurdl2002l: Giannios and Spruitl 
20051 . l200rj . 120071 ; lLvutikovll2006bl ; IMcKinnev and Uzdensky||20ld ). ~ 

As for the giant SGR flares, the effective reconnection rate of cE ~ 0.01 Bo Va 
translates into a very short characteristic reconnection timescale of about 3 msec. This 
implies that reconnection itself is not the main energy-release bottleneck during the 
flare and hence that it does not govern the flare duration. Instead, this duration is 
probably governed by the escape of radiation from the hot, relativistically expanding 
fireball formed as a result of r econnection, and/or by the relatively slow driving by the 
neutron star crustal motions ( Thompson and Duncanll 19951 . lioOll ; lLvutikovll2006al 'l . 



3 Summary 

The main goal of this paper is to introduce a new frontier in magnetic reconnection 
research — reconnection in high-energy-density radiative plasmas — which should 
be viewed as a fundamental plasma physics problem with important applications to 
astrophysics. I would like to encourage more research efforts in this area, including 
numerical simulations and laboratory experiments, and express hope that we will see 
a rapid progress in the coming years in both our fundamental understanding of it and 
in astrophysical applications. 

In this paper, I first discussed the key physical processes that, although usually not 
included in traditional studies of magnetic reconnection in heliospheric and laboratory 
plasmas, become very important and even dominant in some high-energy astrophysical 
environments. The relative importance of these processes can be linked to the high 
energy density of the magnetic field in these systems. These physical processes are: 
special-relativistic effects, radiation (radiative cooling, radiation pressure, and Comp- 
ton resistivity), and pair creation. 

I then specifically focused on the case of reconnection involving magnetar-strength 
magnetic fields, i.e., fields exceeding the critical quantum magnetic field B* = m^c 3 /eh ~ 
4.4 x 10 13 G. This case is relevant to several topics in high-energy astrophysics, most 
notably, to reconnection in magnetar magnetospheres (e.g., SGR giant flares), and to 
magnetic models of the central engines of GRBs and core-collapse supernovae, as well 
as the inner parts of magnetically-driven GRB jets. In the latter case, understanding 
reconnection is crucial for determining whether strongly magnetized jets can survive 
long enough to break out from the star and for assessing where and how their magnetic 
energy can eventually be dissipated. 

An addition to this strong astrophysical motivation, another reason why I focused 
on this case is that it represents the most extreme example of high-energy-density 
astrophysical reconnection, in which all of the above-mentioned physical processes (and 
also some others!) come into play. Thus, the problem of reconnection of super-critical 
magnetic fields presents an exciting intellectual challenge with rich and exotic physics. 

The main focus of this paper was on identifying and characterizing quantitatively 
the basic physical processes that are important in this exotic physical environment 
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and on investigating how these processes interact with each other in the presence of 
an ultra-strong magnetic field. In particular, I showed that, because of the extremely 
high energy density corresponding to a super-critical magnetic field, the main outcome 
of the dissipation of this energy is the creation of relativistically hot electron-positron- 
photon plasma in the reconnection layer. The density of photons and pairs in the layer 
is expected to be so high that the plasma becomes highly collisional and a local thermo- 
dynamic equilibrium between mildly degenerate pairs and radiation is easily established 
inside the layer. Furthermore, large numbers of pairs are also expected to be created by 
escaping photons even outside (upstream) of the current layer proper, thus effectively 
dressing the layer in an optically thick "pair coat". Under some conditions, however, 
when the optical depth is not very high, the radiative cooling by the photons diffusing 
across the layer may be stronger than the usual advection of energy along the layer. 
In this strong-cooling regime the problem of the perpendicular structure of the recon- 
nection layer effectively becomes a (one-dimensional) optically-thick radiative transfer 
problem, coupled with the pressure balance condition. Furthermore, even without solv- 
ing this problem in its entirety, in the case with no guide field and assuming steady 
state and ignoring QED effects one can establish the following important relationship 
between the total optical depth of the dressed layer r, and the reconnection rate E: 
E ~ Bq/t, where Bo is the reconnecting component of the magnetic field. In reality, 
however, one would have to perform a more thorough analysis taking into account 
various QED effects on the propagation of high-energy 7-photons in the presence of a 
super-critical magnetic field, such as photon splitting and one-photon pair creation. 

In addition, the very high density of pairs and photons inside the layer ensures that 
the layer is strongly collisional from the reconnection perspective, i.e., <5gp 3> d e ,pe- 
This implies that radiative resistive MHD should apply within the layer and, therefore, 
the reconnection process should proceed in the resistive plasmoid-dominated regime, 
probably at an expected effective reconnection rate of about 10~ 2 BqVa- However, 
because of the large number of uncertainties related to the operation of plasmoid- 
dominated reconnection in the presence of a strong radiative cooling and of the other 
processes mentioned above, it is probably premature to make specific claims and pre- 
dictions. Additional processes that need to be taken into account include: resistivity 
due to the photon drag, special-relativistic effects, and possibly even neutrino cooling. 
This is largely an uncharted territory and surprises are expected! 

In conclusion, extreme astrophysical reconnection in ultra-strong magnetic fields is 
a new, physically rich and exciting area of research at the intersection of traditional 
plasma physics, high-energy astrophysics, and high-energy-density physics. In addition 
to its astrophysical applications, I hope that this problem will stimulate further studies 
of magnetic reconnection in the High-Energy-Density context. 
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